Single molecule detection of DNA-stabilized silver nanoclusters

emitting at the NIR I/ll border.
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ABSTRACT: The near-infrared (NIR) I and NIR II regions are known for having good light transparency of tissue and less
scatter compared to the visible region of the electromagnetic spectrum. However, the number of bright fluorophores in these
regions is limited. Here we present a detailed spectroscopic characterization of a DNA-stabilized silver nanocluster (DNA-
AgNC) that emits around 960 nm in solution. The DNA-AgNC converts into blue-shifted emitters over time. Embedment of
these DNA-AgNCs in polyvinyl alcohol (PVA) show that they are sufficiently bright and photostable to be detected at the single
molecule level. Photon antibunching experiments were performed to confirm single emitter behavior. Our findings highlight
that screening and exploration of DNA-AgNCs in the NIR II region might yield promising bright and photostable emitters that
could help develop bio-imaging applications with unprecedented signal-to-background ratios and single molecule sensitivity.

DNA-stabilized silver nanoclusters (DNA-AgNCs) are a
relatively new class of emitters, first introduced in 2004 by
Petty et al® A large number of DNA sequences have been
screened in recent years, yielding DNA-AgNCs covering the
visible?2 and the near-infrared (NIR) region.? 434 Tradition-
ally, the NIR is divided into two regions, from approximately
650-1000 nm (NIR I) and 1000-1700 nm (NIR II).5.65.6 The
NIR II region is sometimes also referred to as the short-
wave infrared region (SWIR).”” While the NIR I region can
usually still be covered by standard visible detectors (e.g.
multialkali- or silicon-based), venturing into the NIR II re-
gion requires a switch of detector material (e.g. InGaAs-
based).88 The NIR I and NIR II regions have gained interest
in recent years due to tissue transparency, reduced auto-
fluorescence and reduced light scattering.5. 7-105.7-10 Despite
these advantageous properties, the number of performant
emitters in this spectral region is still limited compared to
the visible region.” 11-177.11-17 Seyeral single molecule studies
of NIR I emitting DNA-AgNCs have been reported previously
in the literature, both immobilized in a polymer matrix and
in solution, demonstrating the potential of DNA-AgNCs as
suitable NIR I fluorophores.18-2218-22 Here we present a de-
tailed photophysical characterization of a DNA-AgNC, ap-
proaching the NIR Il region (emission maximum 958 nm),33
which is currently the longest wavelength emitting DNA-
AgNC confirmed to be detectable at the single molecule
level. Despite being close to the functional edge of silicon
detectors,2323 we demonstrate that this DNA-AgNC can be
easily detected at the single molecule level, and some mole-
cules have a sufficient photon flux to perform antibunching
experiments, allowing us to confirm single photon emission
behavior.24 252425

The DNA-AgNC investigated here is stabilized by the
DNA-sequence 5’-CGCCCCCACGCGCGGC-3’ and a previous
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Figure 1. Normalized absorption and emission spectra of a
DNA-AgNC solution droplet with 10 mM ammonium acetate
(NH40Ac) measured on top of a confocal microscope. The emis-
sion spectrum was recorded by exciting at 850 nm. All data are
for the fraction collected at 14.4 - 15.3 minutes in Figure S1

study by Swasey et al. showed that the emitter is formed by
two DNA strands, 12 Ag® atoms and 18 Ag* cations.33 As
such, it is the largest DNA-stabilized AgNC reported to date.
For this DNA-AgNC, an absorption maximum of 854 nm, es-
timated emission maximum of 953 nm and a fluorescence
quantum yield of 7% were reported.33 The study by Swasey
et al. was mainly exploratory in nature, presenting a plat-
form for screening and discovery of DNA-AgNCs in the NIR-
I region and reporting a number of newly discovered NIR-
emissive DNA-AgNCs. Here we studied in detail the photo-
physical properties and single molecule imaging potential
of a specific DNA-AgNC from that study. We synthetized the
same DNA-AgNC and details on the synthesis and HPLC-
purification (Figures S1 and S5) can be found in the sup-
porting information. Steady-state solution properties of the



DNA-AgNC were investigated by placing a droplet of the
HPLC-purified DNA-AgNC solution on a home-built single
molecule sensitive confocal microscope.2626 The normalized
absorption and emission spectra can be found in Figure 1
(see Figure S2 for details on axes calibration). The obtained
absorption and emission maxima of 848 nm and 958 nm are
in good agreement with the values by Swasey et al.33

To assess the number of distinct emitters in the collected
fraction, emission spectra were recorded by varying the ex-
citation wavelength from 690 to 890 nm (Figure 2A and Fig-
ure S3). We observe a shift of emission maximum with exci-
tation wavelength and a secondary blue-shifted peak at
~800 nm for 700 nm excitation (Figure 2B). Such behavior
has been observed for unpurified solutions containing mul-
tiple spectrally different emitters.! 271 27 While the sample
that we study here is HPLC-purified, it is very likely that
more than one distinct emitter was collected in the 14.4 -
15.3 minutes range (minimum two emitters, one with a
maximum around 800 nm and one around 958 nm). Chang-
ing excitation wavelengths from 890 to 730 nm caused the
overall emission maxima to blue-shift, indicating the pres-
ence and more preferential excitation of blue-shifted emit-
ters. Below 730 nm, the overall emission maximum starts to
shift back to 958 nm (Figure 2B), most likely due to prefer-
ential excitation into a higher excited state of the 958 nm
emitter. Figure S4 supports this hypothesis, showing that
for 690 nm and 890 nm excitation, the shape and maxima of
the 958 nm emission peak overlap well.
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Figure 2. A) Normalized emission spectra, excited at different
wave-lengths of a 10 mM NH4OAc containing DNA-AgNC solu-
tion droplet measured on top of a confocal microscope. B)
Emission maxima from exciting in the 690 nm to 890 nm range.
C) Intensity weighted average decay times (tavg) at different ex-
citation wavelengths and D) normalized amplitudes of the
global fitted bi-exponential decay curves in the excitation range
from 690 nm to 890 nm. Decay curves and an example of a fit
can be found in Figure S9 and S10. All data are taken for the
14.4 - 15.3 minutes fraction in Figure S1.

The hypothesis that more than one distinct emitter was
collected in the HPLC fraction was confirmed by increasing
the collection range from 13 - 16 minutes (see Figures S5,
S6 and S7), which showed an even more continuous shifting
of the emission spectrum with changing excitation wave-
length. The overall trend in the shift of the emission maxima
with excitation wavelength is more gradual (less bimodal as
compared to Figure 2), indicating that a larger range of
spectrally similar species are collected in the 13 - 16
minutes fraction. While one could potentially further opti-
mize the HPLC-purification to collect solely the 958 nm
emitter, Figure S8 shows that exposure of a freshly collected
fraction to ambient conditions, broadens the absorption
spectrum and produces an additional shoulder around 750
nm (see Figure S4). This indicates that even if a pure 958
nm emitter is collected, this pure product is likely to evolve
into spectrally blue-shifted emitters over time. The exact
nature of this spectral conversion/broadening over time is
not currently understood, and we do not pursue further
HPLC purification efforts here. Previously, oxidation/reduc-
tion and conformational changes have been identified for
other DNA-AgNCs to cause spectral conversion.28 292829

Time-correlated single photon counting (TCSPC) also
confirmed the presence of more than one distinct emitter.
The purest fraction obtained (14.4 - 15.3 minutes fraction
in Figure S1) required fitting of the decay curves with a bi-
exponential function. The bi-exponential fit does not neces-
sarily mean that only two emitters are present, but only
that two decay components can satisfactorily fit the decay
curve of the emitters present in solution. The change of the
intensity averaged decay time (tavg) as a function of excita-
tion wavelength can be found in Figure 2C. Decay compo-
nents of 0.62 ns and 1.04 ns were obtained from the bi-ex-
ponential global fit3%30 and the normalized amplitude of
each decay component can be seen in Figure 2D. The wave-
length-dependent evolution of the amplitude of the 0.62 ns
component correlates well with the dominant 958 nm emit-
ter in the collected fraction, indicating that this is the decay
time of the 958 nm emitter (Figure 2C).
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Figure 3. Decay curves of DNA-AgNCs in PVA excited at 700,
750, 800, and 850 nm. A) Decay curves (colored traces) and
IRFs (grey traces) recorded immediately after preparation of
the spin-coated sample (top panel), and after leaving the sam-
ple overnight exposed to ambient conditions (lower panel). B)
Intensity averaged decay times (bi-exponential tail-fit) of the
sample by measuring immediately after spin-coating (Day 1)
and overnight exposed to ambient conditions (Day 2). Data
from the purified fraction that was collected around 14.4 - 15.3
minutes in Figure S1.

While the collected fraction contains more than one dis-
tinct emitter, and can evolve over time, the main purpose of
this study is to investigate whether the DNA-AgNCs were
bright and photostable enough to be detected at the single
molecule level. Since we plan to investigate the single mole-
cule immobilized in polyvinyl alcohol (PVA), we first stud-
ied the ensemble properties of the DNA-AgNCs mixed with
a PVA solution and spincoated on a cleaned glass coverslip.
Similar steady-state and time-resolved fluorescence meas-
urements were performed in PVA to compare the proper-
ties of the DNA-AgNCs in PVA versus the 10 mM NH40Ac so-
lution. Figure 3 and Figure S11 show that the behavior of

the DNA-AgNCs embedded in PVA was similar to the DNA-
AgNC in solution. For freshly spincoated DNA-AgNC in PVA,
excitation at 850 nm produces an emission maximum at 955
nm (Figure S11), as compared to 958 nm in solution (Figure
2B). The ta, value was 0.47 ns in PVA (Figure 3B), a bit
shorter than the solution t.,g value of 0.72 ns (Figure 2C).
When the same DNA-AgNC PVA film was measured the next
day, excitation at 850 nm produced an emission maximum
at 917 nm (Figure S11) and a tay value of 0.95 ns (Figure
3B). This blue-shift is similar to the behavior of the solution
sample (Figure S8), indicating that exposure to ambient
conditions seems to enhance the contribution of the blue-
shifted emitters in PVA, as well. The increase of ta to 0.95
ns also agrees with the increasing weight of the 1.04 ns de-
cay component for blue-shifted emitters in solution (Figure
20).

Next, the DNA-AgNC solution was further diluted to con-
centrations that yielded individual spots when mixed with
PVA, and spin-coated on a cleaned glass coverslip. Figures
4A show a typical example of such a confocal microscopy
image (see SI for more examples). The decay times deter-
mined from the single spots follow the bulk PVA trend. On
day 1, 154 spots showed a bimodal distribution of decay
times centered around 0.57 and 0.80 ns, while 168 spots
measured on day 2 showed a distribution of decay times
centered around 1.02 ns (see Figure 4B). Due to the limited
signal of the individual molecules, we did not simultane-
ously measure the emission spectrum. However, the similar
trend of the decay times from the single spots over time sup-
port that the spectra of the single spots on day 2 also likely
blue-shifted with respect to the original 958 nm emitter,
confirming that the single molecule behavior is in line with
the ensemble PVA results.

We next split the available fluorescence photons onto two
detectors to construct photon antibunching histograms,
probing whether these spots are indeed single DNA-AgNC
molecules or aggregates.z4 312431 While the signal from the
322 spots was more than sufficient to construct fluores-
cence time trajectories and decay curves, the photon flux re-
quirements to create an antibunching histogram are more
demanding. Only 41 spots were bright and photostable
enough to construct a photon antibunching histogram that
yielded N¢/Nvi ratios (Nc: counts of the central peak at zero
delay, N.: the average counts of the 10 lateral peaks) below
0_5_2424
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Figure 4. A) Scanning confocal image of the DNA-AgNCs embedded in PVA. B) Histograms of decay times obtained from tail-fitting
decay curves of single spots with a mono-exponential fit. Histograms of decay times measured on the same (day 1, 154 entries) and
following (day 2, 168 entries) day of sample preparation are shown in red and yellow, respectively. The histogram from day 1 shows
a bimodal distribution that was fitted with two Gaussian functions. The short-lived population is depleted by leaving it overnight
and can ultimately be fitted with a single Gaussian on day 2. Errors on the center of the Gaussians are given as the 95% confidence
intervals. C) Fluorescence intensity trajectory from a single molecule measured on the day of preparation. D) Corresponding nor-
malized decay curve and decay time, calculated by tail-fitting a mono-exponential function to the data, of the same molecule in C). E)
Antibunching histogram of the molecule shown in C). For display purposes the actual delay of 1.64 ps between the two detectors
was subtracted from the x-axis values. F-H) Similar as for C-E) but now for a molecule measured the day after sample preparation.

Figures 4C-E and 4F-H show respective examples from
day 1 and day 2. For these two particular molecules, Tayg val-
ues of 0.45 and 0.99 ns and N¢/N. ratios of 0.08 and 0.04
were found. Five additional examples from day 1 and day 2
can be found in the SI. Due to the limited number of photons
in the individual histograms (see for example Figure 4E and
4H), combined photon antibunching histograms were con-
structed and can be found in Figures S12 and S13, demon-
strating that the majority of spots showed clear single pho-
ton emitter behavior. Even though it has been demon-
strated that Forster resonance energy transfer (FRET) pro-
cesses are able to make multichromophoric systems behave
as single photon emitters, due to FRET-based annihilation
processes (e.g. singlet-singlet annihilation),25 31.3225,31,32 we
are confident that most of the examples provided here and
in the SI are observations of single DNA-AgNC molecules.

Reasons for this (besides the low N¢/N. ratio) are the dilute
nature of the DNA-AgNC solution, the single exponential de-
cay times of the isolated spots monitored in the PVA film,
the single-step blinking and photobleaching behavior. Addi-
tionally, a clear DNA-AgNC aggregate example is provided
in section 9.1 of the SI. The aggregate example shows a grad-
ual, almost exponential-like decrease in fluorescence inten-
sity, a N¢/N. ratio of 0.86 and a fluorescence decay curve
that is clearly multi-exponential.

In conclusion, our results show that the particular DNA-
AgNC 958 nm emitter studied here displays some intriguing
conversion dynamics and spectral broadening over time,
both in solution and PVA film. It is promising that both the
initial 958 nm emitter (predominantly present on day one
in the PVA) and the blue-shifted conversion products can be



detected with single molecule sensitivity at the NIR /1] bor-
der. This is despite the technical limitation of the equipment
used, which diminished the potential achievable signal: at
the NIR I/II border, the avalanche photodiodes have limited
photon detection efficiencies, and the optical coatings in the
microscope were designed for the visible wavelength range.
Our findings should encourage further exploration and dis-
covery of more stable, non-converting DNA-AgNCs in the
NIR I region and especially the NIR II region.3333 Together
with equipment more suitable for NIR detection and verifi-
cation that similar performance is achieved in relevant me-
dia (biological media343* instead of a PVA polymer film),
DNA-AgNCs could become relevant emitters for enabling
single molecule fluorescence applications in the NIR II re-
gion.
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